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Abstract 
An analyzer has been developed for the purpose of tracing and visualizing the time dependent variation of chatter in terms of the 
frequency and the magnitude, and of determining the spindle speed for real-time on-line chatter suppression. 
The system processes the vibration signal detected either by accelerometer or microphone and first screens out whether the signal 
should be analyzed or not, discarding signal during non-cutting period and/or vibration-free cutting.  The signal accepted by the 
first screening, is next differentiated whether the vibration is chatter or not.  
The system then estimates from the frequency of the chatter identified, the natural frequency of the structural system causing the 
chatter as well as the spindle speed preferred for elimination of the chatter. 
Experimental evidences are presented demonstrating the way chatter frequency changes versus time in high speed milling and the 
effectiveness of the real-time on-line control of the spindle speed.  
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1. Introduction 
To attain chatter free operation in high speed milling 
of aluminum alloys for example, conventional practice 
of Stability Pocket Theory first assesses the natural 
frequency of the structure based on impulse testing of 
the tip of the cutting tool as mounted on the stationary 
machine spindle and thereon obtain by calculation using 
advanced software, the spindle speed where the stability 
border in terms of the depth of cut attains local 
maximum.  Concerning Stability Pocket Theory that 
has become industrial practice since around year 2000, 
the background has been reviewed [1] based on single 
degree of freedom model that Tlusty and Tobias 
prompted during 1960’s in contrast to the current state of 
the technology based on one dimensional model.  
The Motivation toward this research is that straight-
forward application is not always found successful of the 
spindle speed thus identified because the chatter does not 
always occur at frequency expected from the impulse 
tests, but the frequency changes versus time. 
The study proposes an analyzing system and tested 
the prototype for the objective of first tracing and 
visualizing the time dependent variation of the chatter in 
terms of frequency and intensity, second estimating the 
natural frequency of the structure causing the chatter and 
third to automatically re-tune in real-time the spindle 
speed of the machine to the value identified preferable 
for the new natural frequency. 
 
2.  Outline of the system 
Prior to every machining operation to analyze, the 
system needs to be taught of the rpm value of the spindle 
speed to run and the number of teeth Z of the cutter.  
Vibration signal has to be acquired for monitoring the 
cutting process either by an accelerometer mounted on 
the spindle head of the machine or by a microphone that 
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captures the cutting sound.  The analyzing system 
includes logics for processing the incoming vibration 
signal and for identifying whether chatter is happening 
or not.  Then another set of logic identifies the natural 
frequency causing the chatter, followed by calculation of 
the preferred spindle speed values where the stability 
condition in terms of the depth of cut are expected to 
attain local maximum and finally re-tuning the spindle 
speed of the machine to one of the preferred values. 
 
2.1 Identification of Chatter 
Chatter is known to be characterized by following two 
aspects: 
 
(a) Intensity of vibration far exceeds that in vibration- 
free cutting. 
(b) Chatter vibration is dominated by single frequency 
component whose frequency value is not equal to 
any integer multiples of Tool Passing Frequency 
(TPF). 
 
TPF is calculated by: 
TPF = (spindle speed rpm) x 60 x Z        (1) 
A threshold for the aspect (a) in the above is defined 
by a horizontal bar as shown in Fig. 1, representing 
vibration intensity of vibration-free situation. 
 
 
Fig. 1 Threshold for identifying vibration signal 
exceeding that of vibration-free situation. 
If a frequency component among the result of FFT 
exceeds the threshold as seen in the figure, the vibration 
signal is identified exceeding that of the vibration-free 
cutting.  The frequency component exceeding the 
threshold is then subject to screening by the aspect (b) 
noted in the above to identify whether the vibration is 
chatter or not. 
To design this method, the subset of discrete Fourier 
spectrum is defined as complex vector space with 
maximum norm (see Appendix A). 
2.2 Estimation of natural frequency 
Regenerative chatter is described following equation 
(see Appendix B) 
))()(()()(2)( 2 txtxdtxtxtx nn −−=++ τωςω   
Considering the ansatz 
)1exp()( ttx ω−=  
And following equation is obtained, 
)1)1(exp(
1
)2(1
1
22 −−−=−++− ωτωςωωω dnn
 (2) 
Equation (2) can be solved graphically (Fig. 2); the left- 
hand side is called structure dynamics (SD) and the 
right-hand side is called metal cutting dynamics (MCD). 
 
 
Fig. 2 Chatter frequency as an intersection point of Structure Dynamics 
(SD) and Metal Cutting Dynamics (MCD) and relation between chatter 
frequency and natural frequency 
 
We assume that the frequency of vibration at the 
point A in Fig. 2 is identified as the chatter frequency fc 
from the incoming vibration signal.   
Natural frequency fn noted at point B in the figure can be 
estimated from fc by: 
ςς +≈+= 121
cc
n
fff   (3) 
In this equation, ζ stands for the damping ratio of the 
structure at the natural mode of vibration. 
2.3 Calculation of preferred spindle speed from the 
natural frequency 
Using the natural frequency fn obtained by equation (3) 
in the above, a set of preferred spindle speeds N by 
which the stability border in terms of the depth of cut 
attain locally maximum are possible to calculate by: 
Zk
fN n60=    (4) 
In this formula, positive integer k stands for the order 
number of the stability pocket as illustrated in Fig. 3
([6], [7]) 
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Fig. 3     Stability Lobes; locally optimum spindle speeds N preferred 
for chatter-free control 
 
A mathematical basis is given in Appendix C proving 
that the equation (2) noted in the above holds both for 
single degree of freedom model and the current state of 
the technology based on 2-dimensional model of 
isotropic case in which natural frequency and damping 
ratio are identical for dynamic compliances in two 
orthogonal orientations. 
   For conducting real-time chatter control in-process, 
either one of locally maximum spindle speeds N is 
selected in the neighborhood of the original spindle 
speed and commanded to CNC in the form of override 
factor of the spindle speed. 
3. Experimental results 
3.1 Anisotropic structural dynamics 
As shown in Fig. 4, example tool-spindle structure 
exhibits different natural frequencies in X- and Y-
directional compliance indicating anisotropic 
characteristics.   
 
FREQUENCY, Hz
X-direction
Y-direction
 
Fig. 4 Impulse test results of tip of a 3 flutes end mill mounted on 
machining center spindle showing different natural frequencies in X- 
and Y-directional compliance indicating anisotropic characteristics. 
Damping ratio was ζ=0.029. 
 
When cutting test was started in X-feed direction, 
chatter occurred as illustrated in Fig. 5 at fc=1,160 Hz 
frequency.  
 
Fig. 5 Cutting vibration during X-directional feed. 
Al alloy, radial depth of cut 3 mm down cut, axial depth of cut 20 mm, 
S=6,400 rpm, number of flutes Z=3. 
 
Using the damping ratio ζ=0.029 identified during the 
impulse testing and equation (3), natural frequency 
responsible for the chatter was estimated at: 
 fn = fc /(1+0.029)= 1,127 [Hz] 
Preferred spindle speed N in the neighborhood of the 
original spindle speed of 6,400 rpm was identified using 
formula (4) at:    
rpm
kZ
quencyNaturalfreN
635,5
)4()3(
)127,1(60
=
=×=
=×=  
When direction of the feed changed to Y, due to 
anisotropic characteristics of the structure, the cutting 
vibration also changed as shown in Fig. 6, where forced 
vibration was occurring at a frequency 3 fold multiple of 
TPF that is 960 Hz in X-direction and slight chatter was 
occurring at 1,174 Hz in Y-direction. Both vibrations 
were definitely smaller in intensity than that in X-
directional feed cutting, therefore the operation became 
eventually vibration-free.  
 
 
Fig. 6 Cutting vibration during Y-directional feed. 
Other conditions same as Fig. 5 
 
3.2 Tracing chatter and preferred spindle speed 
As shown in Fig. 7, the system traces the chatter 
frequency and estimates the spindle speed to change. 
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Fig. 7  Tracing Chatter Frequency History and Spindle Speed History 
Chatter Frequency History : Chatter frequency every 0.1 seconds 
Spindle Speed History : Preferred spindle speed every 0.1 seconds 
3.3 Example analysis and control 
Fig. 8 demonstrates use of a prototype system, set for 
automatic feedback to the CNC so that the spindle speed 
newly calculated is commanded to the machine. 
Starting spindle speed and number of teeth of the 
cutter were set 12,400 rpm and Z=2 respectively. Chatter 
was detected at a frequency fc =1,500 Hz. At this time, 
new spindle speed 14,851 rpm is calculated and sent in 
real-time to CNC, the spindle speed changed accordingly 
in less than one second and chatter was suppressed.   
 
 
Fig. 8 Tracing Chatter Frequency History and Spindle Speed 
History with Override Control 
Al, radial depth of cut 12 mm down cut, axial depth of cut 18 mm  
S=12,400 rpm (initial setting), number of teeth Z=2 
 
Fig. 9 demonstrates use of a prototype system, set for 
automatic feedback to the CNC so that the spindle speed 
newly calculated is commanded to the machine. In this 
example, outer side of a square aluminum alloy plate 
was machined that had four rounded corners.  
Starting spindle speed and number of teeth of the 
cutter were set 6,400 rpm and Z=3 respectively. After 
the analysis started at 0 sec time, cutting started at 5.0 
sec as marked A in the figure. Chatter was detected at a 
frequency fc =1,169 Hz. At this time, new spindle speed 
5,676 rpm was calculated and sent in real-time to CNC, 
the spindle speed changed accordingly in less than one 
second and chatter was suppressed.  1.4 seconds later (at 
6.4 sec time, marked B), chatter was detected again at fc 
=731 Hz, new spindle speed 4,731 rpm calculated and 
sent to CNC, and the chatter was suppressed.  Similarly 
chatter repeated 3.1 seconds later (at 9.5 sec time, 
marked C) at fc = 1,281 Hz, a new spindle speed 4,974 
rpm calculated. 1.2 seconds later (at 10.7 sec time, 
marked D) at fc = 1,159 Hz, a new spindle speed 4,500 
rpm calculated and chatter suppressed.  
 
 
Fig. 9 Tracing Chatter Frequency History and Spindle Speed 
History with Override Control  
Al alloy, radial depth of cut 3 mm down cut, axial depth of cut 20 mm  
S=6,400 rpm (initial setting), number of teeth Z=3 
 
The example demonstrates that in real cutting, process 
falls into chatter time to time at different frequencies, 
and the analysis and the control by the system are 
effective in suppressing chatter every time it happens. 
Time dependent variation of the chatter frequency and 
new spindle speeds are summarized as shown in Table 1. 
 
Table 1. History of chatter detection and spindle speed 
Chatter 
Detection 
Point 
Measurement 
Time 
(sec) 
Chatter 
Frequency 
(Hz) 
Spindle Speed 
(rpm) 
A  5.0 1169 5676 
B  6.4 731 4731 
C 9.5 1281 4974 
D 10.7 1159 4500 
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E 15.6 1257 4067 
 
4.  Conclusion 
Stability pocket theory is highly encouraging concept 
in that several folds higher machining rate can be 
achieved without onset of chatter.  Use of impulse 
testing and currently available advanced software is 
indispensable for predicting stability conditions in terms 
of depths of cut (radial and axial) and spindle speed to 
use.  Spindle speed only needs to be adjusted during the 
real cutting process because the frequency of chatter is 
likely to change versus time because of the natural 
frequency of the responsible structure are subject to 
variation.  Possible solution for realization of the 
stability pocket theory might be to use the impulse 
testing and the advanced software for pre-process 
parameter estimation followed by on-line real-time 
analysis/control for the in-process adjustment of the 
spindle speed. 
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Appendix A. Identification of chatter with maximum 
norm of vector space 
Let Sc be the set of discrete Fourier spectrum without 
components of harmonics of Tool Passing Frequency 
Clearly, Sc is complex vector space. 
Let A be element of Sc and written 
),,,(
21 n
AAAA t ωωω ⋅⋅⋅=  
Maximum norm on Sc is defined, 
||max:|||| ωω AA =∞  
Let A(s) be spectrum of vibration on stable cutting 
process, then threshold value is defined, 
∞= ||||:
)(sAM  
The stable condition and unstable condition is defined as 
follows, 
stable condition :  
MA ≤∞||||  
unstable condition : 
MA >∞||||  
 
Appendix B. Relation between chatter frequency and 
natural frequency on 1-dimensional interaction 
between structure dynamics and metal cutting 
dynamics 
Regenerative chatter is described by following equation 
[4], 
r
Z
kka
s
Z
akP
Ptkxtxctxm
f ΔΩ
−
+Δ=Δ
Δ−=++
π2)(
)()()(
1
'
1
  
 Considering the case,  
0,)(1 =Δ⎟⎠
⎞⎜⎝
⎛ −−=Δ r
Z
Ttxtxs
Z
 
Then chatter vibration is described following functional 
differential equation 
⎟⎟⎠
⎞⎜⎜⎝
⎛ −⎟⎠
⎞⎜⎝
⎛ −=++ )()()()( 1 txZ
Ttxaktkxtxctxm   (B. 1) 
Substituting  
m
akd
mk
c
Z
Ttxxtxx 1:,
2
:,:),(:),(: ===−== ςτττ  
into (B. 1), following equation is obtained, 
)(2 2 xxdxxx nn −=++ τωςω   (B. 2) 
The characteristic equation for (B. 2) is  
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)1)(exp(2 22 −−=++ λτωλςωλ dnn  (B. 3) 
Stability changes can only occur for  
ωλ 1−=  
Substituting latter into (B. 3), following equation is 
obtained.  
)1)1(exp()2(1)( 2 −−−=−+− ωτωςωωω dnn  
)1)1(exp(
1
)2(1
1
22 −−−=−++− ωτωςωωω dnn
 (B. 4) 
 Equation (B. 4) can be written by equating real parts 
dnn
n
2
1
)2()( 2222
22
−=
+−
−
ωςωωω
ωω  (B. 5) 
Left hand side of (B. 5), i.e. real part of structure 
dynamics, satisfies inequality, 
2222
22
2 )2()()1(4
1
ωςωωω
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ωςς nn
n
n +−
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+
−  (B. 6) 
Equality holds if and only if  
ςωω 21+= n  
That represents point of A on the structure dynamics 
(SD) in Fig. 2, and we can obtain stability pocket. Let 
π
ω
π
ωςωω
2
:,
2
:,21: nnccnc ff ==+=  
And stability pocket is calculated, 
ς21
6060
+
==
Zk
f
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fN cn  (B. 7) 
That is equivalent to formula (4) 
Appendix C. Isotropy (symmetric) case of 2-
dimensional interaction between structure dynamics 
and metal cutting dynamics 
Chatter on milling is developed by [3] (and [2], [6], [7]), 
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 (C. 1) is written as following equation ([5], [6]) 
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The characteristic equation for (C. 2) is  
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Stability changes can only occur for  
ωλ 1−=  
Substituting latter into (B. 3), following equation is 
obtained 
0)))1exp(1()2(1det( 22 =−−−+Ω+ΖΩ−+− DI nn ωτωω  (C. 4) 
Considering isotropy condition, 
II n ως =Ω=Ζ ,  
Equation (C. 4) is written as follows, 
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Let d be eigenvalue of D, then 
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If d is real, (C. 6) is identical to as (B. 4), therefore same 
solution (B. 7) is applicable. 
 
In general case, including anisotropic parameters, 
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Equation (C. 4) is written, 
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Equation (C. 7) is characteristic equation of DG,  
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Equation (C. 8) can be written by equating real parts, 
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This corresponds to (B. 5) for 2-dimensional case. 
